A microtubule-associated protein composed of a 200 kDa polypeptide (MAP200) was isolated from tobaccocultured BY-2 cells. Analysis of the partial amino acid sequence showed that MAP200 was identical to TMBP200, the tobacco MOR1/XMAP215 homolog. Although several homolog proteins in animal and yeast cells have been reported to promote MT dynamics in vitro, no such function has been reported for plant homologs. Turbidity measurements of tubulin solution suggested that MAP200 promoted tubulin polymerization, and analysis by darkfield microscopy revealed that this MAP increased both the number and length of microtubules (MTs). Electron microscopy and experiments using a chemical crosslinker demonstrated that MAP200 forms a complex with tubulin. Throughout the cell cycle, some MAP200 colocalized with MT structures, including cortical MTs, the preprophase band, spindle and phragmoplast, while some MAP200 was localized in areas lacking MTs. Based on our biochemical and immunofluorescence findings, the function of MAP200 in MT polymerization is discussed.
Introduction
Microtubules (MTs) play an important role in various functions of eukaryotes, such as cilia and flagella movement, intracellular transport, cell division and morphogenesis by organizing specific structures adapted to each function. To build MT structures and have them fulfill their functions, regulatory proteins, called microtubule-associated proteins (MAPs), are thought to be essential. Various kinds of MAPs have been identified and their properties studied with both animal and plant materials (Mandelkow and Mandelkow 1995, Lloyd and . However, there remain many questions on the physiological functions of MAPs, especially in plant cells.
In plant cells, MTs construct plant-specific structures during the cell cycle. In interphase cells, MTs are predominantly associated with the plasma membrane, playing an essential role in cellular morphogenesis. They are called cortical MTs (CMTs). In the late G 2 phase, cortical MTs disappear and MT bundles called preprophase bands are formed at the position where the cell plate will fuse during cytokinesis. After chromosome segregation, the cytokinetic apparatus (phragmoplast) composed of MTs is formed. Thus, MTs show dynamic changes in their organization in plant cells and it is reasonable to suppose that there are various kinds of MAP. Identification of all these MAPs is indispensable for understanding the molecular mechanism of cellular morphogenesis, cell division and other activities in plant cells. However, there have been relatively few reports on plant MAPs because the biochemical preparation of plant cytoskeletal proteins has been extremely difficult.
Recently, advances in genetic methods have enabled us to identify a gene coding a protein involved in MT organization. Whittington et al. (2001) found an Arabidopsis mutant, mor1, that had fragmented CMTs under restrictive temperature condition. Moreover, Twell et al. (2002) reported abnormal cytokinesis during pollen mitotic division in the gem1 mutant, which is mutated at a site different from that of mor1 in the same gene, a plant homolog belonging to the XMAP215/TOGp family. Thus, genetic analyses suggested that MOR1 is essential for CMT stabilization and cytokinesis. However, this molecular mechanism remains to be proven. To understand how the plant homolog protein functions in MT stabilization and cytokinesis, in vitro analysis using the isolated protein is needed. We have already succeeded in purifying various MAPs from tobacco BY-2 evacuolated protoplasts (miniprotoplasts) and analyzing their properties (Jiang and Sonobe 1993, Igarashi et al. 2000) . Based on the same strategy, Yasuhara et al. (2002) also purified a 200 kDa MT bundling polypeptide, TMBP200, which is a tobacco homolog of MOR1. Although MOR1 was speculated to stabilize MTs by promoting tubulin polymerization like animal homologs Kirschner 1987, Charrasse et al. 1998) , such a function of TMBP200 is not known.
In the present study, we isolated MAP200 from tobacco BY-2 cells in 5-day-old tobacco BY-2 cell cultures. Analysis of the partial amino acid sequence showed that the MAP200 sequence was identical to that of TMBP200 reported by Yasuhara et al. (2002) . Although TMBP200 has been reported to be a MT bundling factor, we could not detect MT bundling activity in MAP200. MAP200 promoted tubulin polymerization, causing increases in the number and length of MTs. In addition, MAP200 formed complexes with tubulin dimers. Our findings provide new insight into the function of MOR1-related protein in plant cells.
Results

Purification of MAP200
A crude extract fraction was obtained from miniprotoplasts of cultured tobacco BY-2 cells (Fig. 1A, lane 2) . After two cycles of polymerization-depolymerization of MTs, a fraction of MT proteins (MTPs: MT and MAPs) was obtained (Fig.  1A , lane 3), according to Igarashi et al. (2000) with slight modifications. It was applied to a Resource Q column and eluted with a linear gradient of 0-1 M NaCl (Fig. 1B) . A target MAP composed of a 200 kDa polypeptide (MAP200) was eluted with high purity at about 0.3 M NaCl (Fig. 1B) . In analyses of function, we used only such a highly purified MAP200 (Fig.  1A , lane 4) after desalting by gel filtration.
Although MAP200 was also contained in the remaining fractions, they were often contaminated with other polypeptides of lower molecular weight. One of them (Fig. 1B arrow) was found to be a 65 kDa MAP by immunoblot analysis (Jiang and Sonobe 1993) . The MAP200 fraction occasionally induced MT bundling when it was contaminated by a small amount of smaller polypeptides, although the highly purified MAP200 sample (Fig. 1A lane 4) did not. We considered this bundling activity to be due to contamination by the 65 kDa MAP. Therefore, we used the highly purified MAP200 fraction for analysis after confirming the absence of MT bundling activity.
Partial amino acid analysis of MAP200
Partial amino acid sequence analysis showed that MAP200 has the following sequences: KKLPWDER, LTK-LASTKK and SVGMRPLEK. The same sequences were found in TMBP200 (accession number AB080692, DDBJ/EMBL/ GenBank), residue numbers: 12-19, 309-317, 475-483, respectively. TMBP200 was reported to be a tobacco homolog of the MOR1/XMAP215 family by Yasuhara et al. (2002) . Fur- thermore, the antibody against a C-terminal polypeptide of the TMBP200 recognized purified MAP200 (Fig. 2B) . Thus, MAP200 isolated in the present study is thought to be identical to TMBP200.
Effect of MAP200 on MT polymerization
The effects of MAP200 on MT polymerization were examined by monitoring the change of turbidity of a tubulin solution. Both the initial rate and the final extent of tubulin polymerization were accelerated by MAP200 in a concentration-dependent manner (Fig. 3A) . In order to find the cause of the increase in turbidity, we subjected the samples used for turbidity measurement to dark-field microscopy. Fig. 3B shows dark-field microscopy images of MT in the presence of MAP200 at three concentrations. MT lengths and numbers were measured and plotted as a function of MAP200 concentration (Fig. 3C ). Both lengths (left) and numbers (right) of MTs increased depending on the concentration of MAP200.
When the concentration of MAP200 increased from 0.1-0.3 µM, the MT number increased 10-fold, although MT length increased only 1.8-fold.
Binding of MAP200 to tubulin dimers
To investigate how MAP200 promotes microtubule polymerization, the interaction between MAP200 and tubulin was analyzed. We first examined the mixture of 20 µM tubulin and 1.2 µM MAP200 suspended in a sodium chloride solution (120 mM NaCl, 20 mM PIPES, 10 mM HEPES, 0.6 mM EGTA, 0.5 mM MgCl 2 , 1 mM GTP) by electron microscopy. Tubulin did not polymerize in this solution due to its high ionic strength. Electron micrographs of tubulin dimer alone and MAP200 are shown in Fig. 4A , B, respectively. When the MAP200 fraction was mixed with tubulin solution, larger structures, thought to be complexes, were observed (Fig. 4C ).
To find whether or not these structures were MAP200-tubulin complexes, we carried out cosedimentation and chemi- cal crosslink assays. In the cosedimentation assay (Fig. 5 ), specimens were centrifuged at either 150,000×g or 390,000×g for 10 min. The supernatant and pellet were subjected to SDS-PAGE (upper panels) and semi-quantitative densitometry of gels stained with Coomassie Brilliant Blue (CBB) was carried out (lower panels). The MAP200 alone did not sediment by centrifugation (Fig. 5A, D) . Although tubulin did not sediment at 150,000×g at all, a small amount did at 390,000×g. When a sample containing both proteins was centrifuged at 150,000×g, MAP200 also remained in the supernatant (Fig. 5C ). When the samples were centrifuged at 390,000×g, a large part of the MAP200 sedimented in the pellet (Fig. 5F ). At 150,000×g, the amount of tubulin in the supernatant and that in the pellet were similar, irrespective of the presence of MAP200 (Fig. 5B, C) . In contrast, the amount of sedimented tubulin at 390,000×g increased in the presence of MAP200 (Fig. 5E, F) . Thus, MAP200 may have cosedimented with tubulin dimers at 390,000×g. Electron microscopy showed that complex-like structures ( Fig. 4C ) remained in the supernatant after centrifugation at 150,000×g, but not at 390,000×g (data not shown). The molar ratio between MAP200 and tubulin dimer in the complex was estimated from the results of Fig. 5 (upper panel). The lower band of the lane E-p shows the content of tubulin sedimented in the absence of MAP200, and the lower band of the lane F-p shows the sum of both tubulin sedimented due to the presence of MAP200 and that sedimented irrespective of MAP200. Thus, tubulin sedimented due to the presence of MAP200 was estimated from these values. In the absence of tubulin, MAP200 was not sedimented (lane D-p). Thus, the upper lane F-p shows the content of MAP200 sedimented due to the presence of tubulin. For estimation of the molar ratio, the molecular weight of tubulin dimer and that of MAP200 was postulated to be 100.3 and 217 kDa, respectively. It was estimated that one molecule of MAP200 sedimented for every six tubulin dimers.
We performed a crosslinking assay using the chemical crosslinker WSC (Fig. 6) . CBB staining showed that bands at a high molecular mass (approximately 260-300 kDa) appeared in the mixture of tubulin and MAP200 by treatment with WSC (Fig. 6, lane 5) . Immunoblot analysis revealed that this band contained both MAP200 and tubulin (Fig. 6, lanes 6, 7) . These results confirmed that MAP200 could bind to tubulin to form large complexes.
Intracellular localization of MAP200
To investigate the localization of MAP200 in the cell, immunofluorescence microscopy was performed. In interphase cells, MAP200 was observed as dot signals but not in the filamentous staining pattern along with CMTs in the cortical regions ( Fig. 7A-C) . MAP200 was also observed in the cytoplasmic strands and the cytoplasm around the nucleus (Fig. 7D-F) .
We speculated that strong fluorescence signals from cytoplasmic unbound MAP200 might mask signals of MAP200 colocalized on CMTs. To observe CMTs in the absence of sol endoplasm, we performed immunofluorescence microscopy using membrane ghosts (Sonobe and Takahashi 1994) . Fig.  8A -C clearly shows linear punctuate colocalization of MAP200 with CMTs. Fluorescent signals were also observed outside the membrane ghost, suggesting that unbound MAP200 in the cytoplasm was released when the protoplasts burst. It seems that unbound MAP200 was abundant in the endoplasm.
Intracellular distribution of MAP200 during cell division was also analyzed. In preprophase cells, MAP200 localized on the preprophase band (PPB) and was also distributed in the whole cytoplasm (Fig. 9A-C) . With progression of cell division, MAP200 started to be concentrated around MT structures. In metaphase cells, MAP200 became concentrated around the spindle. Note that signals from MAP200 were also distributed outside the spindle (Fig. 9D-F) . In telophase cells, MAP200 was concentrated around the phragmoplast. Note that signals from MAP200 were also observed away from the phragmoplast. MAP200 disappeared from the cortical region from metaphase to telophase (Fig. 9D, G) , consistent with the fact that CMT disappeared in these stages of the cell cycle.
Discussion
The MAP200 isolated in the present study was found to be identical to the TMBP200 reported by Yasuhara et al. (2002) based on analysis of its partial amino acid sequence. Immunoblotting also supported this (Fig. 2B) . Although TMBP200 was reported to bundle MTs, MAP200 did not. We found that the MAP200 sample induced MT bundling only when it was contaminated by smaller MAPs including a MT-bundling protein, 65 kDa MAP. We concluded that the MAP200 isolated in the present study has no bundling activity. 6 Crosslinking analysis of the MAP200-tubulin complex. After crosslinking with WSC, specimens were subjected to SDS-PAGE and transferred to the membrane for immunoblotting. Lanes 1, 2 and 5 show CBB staining of the membranes containing tubulin, MAP200 and mixture, respectively. Lane 3, immunoblotting of lane 1 with antibody against tubulin; lane 4, immunoblotting of lane 2 with antibody against MAP200; lanes 6 and 7, immunoblotting of lane 5 with antibody against the tubulin and MAP200, respectively. The monoclonal antibody against MAP200 recognized low molecular weight polypeptides, which seem to be catabolites of MAP200 (lanes 4, 7). The arrowhead indicates high molecular weight bands formed by crosslinking in lanes 5, 6 and 7. Yasuhara et al. (2002) isolated TMBP200 from BY-2 cells synchronized at telophase. On the other hand, MAP200 isolated in the present study was from 5-day-old cultured cells, most of which are in interphase. In telophase, a specialized MT structure responsible for cytokinesis, the phragmoplast, is organized. The MT-bundling activity of TMBP200 may be attributed to the presence of isoforms or post-translational modifications. Becker and Gard (2000) reported that different isoforms of XMAP215 were expressed during development. Vasquez et al. (1999) reported that XMAP215 was phosphorylated during mitosis. Thus, the difference in MT-bundling activity between MAP200 and TMBP200 might be due to the difference in either isoform and/or phosphorylation state.
Mechanism of tubulin polymerization by MAP200
Turbidity measurement indicated that MAP200 induced acceleration of the initial rate and an increase in the final extent of tubulin polymerization (Fig. 3A) . This result for tubulin polymerization was similar to that reported for XMAP215 and TOGp Kirschner 1987, Charrasse et al. 1998 ). Dark-
Fig. 7 Immunofluorescence micrographs showing the distribution of MAP200 and MTs in an interphase cell. Photographs show distribution of MAP200 (A, D), tubulin (B, E) and merged images (C, F). (A-C) Focused on the cortical region, (D-F) focused at the middle of the cell. The colocalization between MAP200 and CMTs was unclear (A-C). MAP200 localized in the cytoplasmic strands and the cytoplasm around nucleus (D-F). Bar, 20 µm.
Fig. 8
Immunofluorescence micrographs showing the distribution of MAP200 and MTs on a membrane ghost. Tubulin (A), MAP200 (B) and merged image (C). MAP200 antibody labels along CMTs in a linear punctate manner. Some MAP200 was also observed outside the membrane ghost. Bar, 20 µm.
field microscopy revealed that MAP200 increased both the length and the number of MTs in a concentration-dependent manner (Fig. 3C) . Thus, MAP200 may have a role in promoting MT elongation and nucleation. In animal homologs, similar results were also obtained from a microtubule aster-forming assay (Tournebize et al. 2000 , Popov et al. 2002 . Electron microscopy and crosslinking experiments revealed that MAP200 became bound to tubulin to form a complex (Fig. 4-6 ). The shape of the complex seems to be like that of tubulin oligomers (Fig. 4C) , suggesting that it consists of several tubulin dimers and MAP200. The formation of such a complex may accelerate tubulin polymerization as will be discussed below. Such complexes have also been observed by electron microscopy for XMAP215 (Cassimeris et al. 2001) and were thought to work as promoters of tubulin polymerization (Spittle et al. 2000) . Thus, promotion of tubulin polymerization and the formation of complexes with tubulin seem to be common functions of the XMAP215/MOR1 family proteins in plants and animals.
The results shown in Fig. 3 indicated that MAP200 promotes MT elongation. Based on the fact that MAP200 forms complexes with tubulin dimers, we speculated that MAP200 might serve as a shuttle to supply tubulin dimers to the plus end of MTs (Fig. 10) . Spittle et al. (2000) proposed a similar hypothesis for the function of TOGp. Throughout the cell cycle, some MAP200 was associated with MTs but some (unbound MAP200) was not (Fig. 7, 9 ). The unbound MAP200 may be responsible for controlling MT elongation via the mechanism proposed in Fig. 10 . The linear punctate staining of MAP200 on files of MTs observed in the ghosts may correspond to the end of overlapping MTs. The present hypothetical mechanism awaits challenging experimental verification.
It is likely that the complexes of MAP200 and tubulin oligomers function as MT-nucleating complexes. Caudron et al. (2002) reported that tubulin oligomers produced by MT depolymerization could serve as nuclei of MTs in vitro. A large number of short MTs was observed by dark-field microscopy at the early phase of tubulin polymerization in the presence of MAP200 (data not shown). It is suggested that the complexes are formed during an early phase and work as nuclei for tubulin polymerization. MAP200 itself could promote MT nucleation without scaffolds such as centrosomes. Popov et al. (2002) reported that polymer beads loaded with recombinant XMAP215 could form MT asters in purified tubulin solution. These observations together with our results indicated that these members of the XMAP215/MOR1 family have the ability to nucleate MTs by themselves. On the other hand, some members of the XMAP215/TOGp family have been reported to be localized at the centrosome and spindle poles (Wang and Huffaker 1997 , Dionne et al. 2000 , Graf et al. 2000 , Hannak et al. 2002 , suggesting that these proteins participate in MT nucleation in combination with γ-tubulin in vivo. Studies on the possible interaction between MAP200 and γ-tubulin in vivo are needed.
Localization in BY-2 cells
Immunofluorescence indicated that the localization of MAP200 was intimately associated with cell-cycle-specific MT structures. In metaphase, where tubulin was extensively concentrated to organize the spindle, MAP200 also showed concentration on this MT structure (Fig. 9D-F) . The situation was the same in telophase cells where tubulin and MAP200 were concentrated at phragmoplasts (Fig. 9G-I ). In interphase, the distribution of MAP200 did not seem to be correlated with that of CMTs ( Fig. 7A-C) . However, it was found to be masked by signals from unbound MAP200. Although MAP200 was significantly concentrated on MT structures in metaphase and telophase ( Fig. 9D-I ), we noticed that some of the MAP200 was not associated with MT structures (unbound MAP200). Signals from MAP200 were observed not only on MTs but also around the spindle (Fig. 9D-F) and phragmoplast ( Fig. 9G-I ). It may be that both forms of MAP200, bound and unbound to MTs, are present throughout the cell cycle to control MT organization.
In the present study, we noticed the presence of signals of MAP200 at sites where CMTs were lacking (Fig. 7A-C) . Twell et al. (2002) reported the intracellular localization of MOR1 in cultured Arabidopsis cells and protoplasts. They stressed the colocalization of MOR1 with CMTs in interphase and did not refer to the unbound MOR1. They also reported that MOR1 is concentrated at the midline of both spindle and phragmoplast. However, we found that MAP200 was distributed not only on these MT structures but also around them (Fig. 9D-G) . The reason for this difference remains unknown.
Genetic analysis using Arabidopsis provides various insights into the function of the cytoskeleton in plants. Mutation of mor1/gem1-induced fragmentation of CMTs (Whittington et al. 2001 ) and pollen abnormal cytokinesis (Twell et al. 2002) . It has been speculated that MOR1 stabilizes CMTs by binding along them Hawkins 2001, Wasteneys 2002) . Our observation revealed much unbound MAP200 in the cytoplasm (Fig. 7A-C) and a small proportion of MAP200 colocalized with CMTs (Fig. 8) . The small amount of MAP200 at the MT ends may be enough to stabilize CMTs, considering that proteins belonging to the XMAP215/TOGp family promote MT polymerization at the MT ends Kirschner 1987, Charrasse et al. 1998) . We have already speculated that unbound MAP200 also contributes to MT organization.
In order to unambiguously clarify the function of MOR1, analyses using purified protein are needed. For biochemistry, Arabidopsis is not always the best material. In the present study, we succeeded in isolating MAP200 of high purity by taking advantage of tobacco-cultured BY-2 cells. This opens a way forward for the unambiguous analysis of MAP200 function using tobacco-cultured BY-2 cells in vitro.
Materials and Methods
Cell culture
Tobacco BY-2 cells (Nicotiana tabacum 'Bright Yellow 2′) were cultured as described by Nagata et al. (1981) . Eight hundred grams of 5-day-old BY-2 cells were used to prepare tubulin and MAPs.
Preparation of MT proteins
Preparation of MT proteins (MTPs) containing tubulin and MAPs were performed according to Igarashi et al. (2000) with slight modifications. To prepare protoplasts, cells were incubated with an enzyme solution [2% Sumizyme C, 0.2% Sumizyme AP2 (ShinNihonkagaku Industries Ltd., Anjo, Japan) and 0.45 M sorbitol] at 30°C (pH 5.5) for 120 min. Miniprotoplasts were prepared from protoplasts by density gradient centrifugation with a Percoll solution [37% Percoll (Amersham Bioscience, Uppsala, Sweden), 6.5 mM HEPES-KOH pH 7.3, 0.49 M sucrose, 0.62 M sorbitol and 0.04 M MgCl 2 ] at 25,000×g for 30 min. Miniprotoplasts were suspended in 10 vols of an ice-cooled extraction buffer [50 mM PIPES-KOH pH 7.0, 10 mM EGTA, 15% sucrose, 2 mM MgCl 2 , 1% casein, 20 µg/ml leupeptin, 20 µg/ml pepstatin A, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 4 mM DTT] and homogenized with a teflon homogenizer. Casein was added in order to protect MT proteins from protease (Yokota and Shimmen 1994) . The homogenate was centrifuged at 170,000×g at 2°C for 30 min. The supernatant supplemented with 0.5 mM GTP and 10 µl taxol (Sigma-Aldrich Co., St Louis, MO, U.S.A.) was incubated at 30°C for 15 min to polymerize tubulin. MTs were collected by centrifugation at 23,000×g for 10 min, suspended in a cold depolymerization buffer (20 mM PIPES-KOH pH 7.0, 0.15 M NaCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 20 µg ml -1 leupeptin, 20 µg ml -1 pepstatin A, 1 mM PMSF and 1 mM DTT) and left standing for 20 min on ice. MTPs were recovered in the supernatant after centrifugation at 250,000×g for 5 min at 2°C. MTPs were diluted with four volumes of the extraction buffer and further purified by a second cycle of microtubule polymerization-depolymerization using the procedure described above.
Purification of MAP200
The supernatant after the second polymerization-depolymerization cycle was diluted with 7 vols of a start buffer (25 mM HEPES-KOH pH 7.5, 1 mM EGTA and 1 mM MgCl 2 ) and applied to Resource Q column (Amersham Bioscience). Adsorbed proteins were eluted with a linear gradient of 0-1 M NaCl. MAP200 was eluted at 0.3 M (Fig. 1B) . The fraction was applied to a gel filtration column (Superdex 200; Amersham Bioscience) and eluted with either KCl buffer (0.2 M KCl, 25 mM PIPES) or P200 buffer (200 mM PIPES-KOH, pH 7.0, 0.5 mM MgCl 2 , 1 mM EGTA). MAP200 was finally concentrated by centrifugation with a Vivaspin 6 concentrator 50,000 MWCO PES (Vivascience, Sartorius AG, Germany).
Purification of tubulin
Tubulin eluted from a Resource Q column was further purified for use in MT polymerization analysis. The fraction containing tubulin was centrifuged at 90,000×g for 20 min at 2°C to remove denatured tubulin. The supernatant was dialyzed against a concentration buffer (0.1 M PIPES-KOH pH 7.0, 4 M glycerol, 0.5 mM MgCl 2 , 1 mM EGTA, 0.2 mM GTP and 0.2 mM PMSF) at 2°C overnight. The dialysate supplemented with 1 mM GTP was incubated at 30°C for 1 h. Microtubules were collected by centrifuging at 140,000×g, 30°C for 50 min, suspended in a PME buffer (100 mM PIPES-KOH pH 7.0, 0.5 mM MgCl 2 and 1 mM EGTA) and left standing for 30 min on ice to depolymerize MTs. Tubulin was recovered in the supernatant after centrifugation at 90,000×g for 20 min at 2°C.
Analysis of amino acid sequence
Purified MAP200 was treated with V8 protease (Sigma) in SDS-PAGE sample buffer for 30 min at room temperature. Catabolic products were separated by tricine-PAGE, and partial amino acid sequences were determined with a PSQ-1 protein sequencer (Shimadzu, Kyoto, Japan).
Antibody production
The band of MAP200 excised from the SDS-PAGE gel was sonicated with TiterMax Gold (CytRx Corporation, GA, U.S.A.) and injected into female BALB/c mice. Spleen cells were fused with P3×63Ag.8.653 mouse myeloma cells. Screening of monoclonal antibody was performed by Western blotting.
Turbidity measurement
To evaluate the effect of MAP200 on tubulin polymerization, the turbidity of a tubulin solution (30 µM tubulin, 1 mM GTP, 100 mM PIPES-KOH pH 7.0, 1 mM EGTA and 1 mM MgCl 2 ) was measured with a spectrophotometer (UV-2000, P/N206-17000; Shimadzu) in the ABS measurement mode at 350 nm wavelength. After supplementation of MAP200 to the tubulin solution, the turbidity measurement was started by adding 1 mM GTP.
Dark-field microscopy
The same sample used for the turbidity measurement was subjected to dark-field microscopy. Microtubules were observed with a BX-50 microscope (Olympus, Tokyo, Japan) equipped with an oilimmersion dark-field condenser (U-DCW; Olympus) at 26°C. The illumination source of the 50 W mercury lamp was amplified with a BX critical illuminating unit. Images of microtubules were taken with a CCD camera (C4742-95; Hamamatsu Photonics, Hamamatsu, Japan). The MT length and number were measured from a photograph (117×94 µm). To avoid error due to foreign matter, MTs longer than 1 µm were chosen for quantitative analysis.
Assay
A sample containing 2 µM MAP200 and/or 20 µM tubulin in the solution (120 mM NaCl, 20 mM PIPES, 10 mM HEPES, 0.6 mM EGTA, 0.5 mM MgCl 2 and 1 mM GTP) was incubated at 30°C for 20 min and then centrifuged at either 150,000×g or 390,000×g for 10 min. Polypeptides in supernatants and pellets were analyzed by SDS-PAGE.
Chemical crosslinking
A sample containing 2 µM MAP200, 20 µM tubulin, 120 mM NaCl, 20 mM PIPES, 10 mM HEPES, 0.6 mM EGTA, 0.5 mM MgCl 2 and 1 mM GTP was preincubated at 30°C for 20 min and then 1 mM WSC [1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide, hydrochloride] (Wako Pure Chemical Industries Ltd., Osaka, Japan) was added to it. After incubation at 30°C for 1 h, polypeptides were separated by SDS-PAGE and transferred electrophoretically to PVDF membranes (Bio-Rad Laboratories, Hercules, CA, U.S.A.). Polypeptides were detected by staining with CBB and immunoblotting.
Immunoblotting
After SDS-PAGE, polypeptides were transferred to a PVDF membrane. Antibodies against MAP200 and/or mouse α-tubulin (Ab-2; Neo Markers, Union City, CA, U.S.A.) were used as the primary antibody. Alkaline phosphatase-conjugated antibody against mouse IgG (EY Laboratories Inc., San Mateo, CA, U.S.A.) was used as the secondary antibody.
Immunofluorescence microscopy
Five-day cultured BY-2 cells or cells synchronized at the mitotic phase were fixed with 2% paraformaldehyde in a PME buffer (25 mM PIPES, 2 mM MgCl 2 , 5 mM EGTA). Chemically fixed cells were treated with an enzyme solution (0.5% cellulase 'ONOZUKA' RS, 0.05% Y-23, 0.3 M sorbitol, pH 5.5) at 30°C for 10 min. Cells were attached to a poly-lysine-coated coverslip. The coverslip was immersed in the PME buffer supplemented with 0.5% Triton X-100 for 20 min to permeabilize the plasma membrane.
Cells were incubated in PBS supplemented with both a mouse monoclonal antibody against MAP200 (ascites, 1/3,000 dilution) and a rabbit polyclonal antibody against BY-2 tubulin (serum, 1/2,000 dilution) (Igarashi et al. 2000) for 1 h at room temperature. After washing twice with PBS, the cells were incubated in PBS supplemented with both a goat Alexa-488-conjugated anti-mouse IgG and a goat Alexa-594-conjugated anti-rabbit IgG (1/100 dilution; Molecular Probes, OR, U.S.A.) for 1 h at room temperature. A fluorescence microscope (BX-50; Olympus) and a confocal laser scanning microscope (LSM 510; Carl Zeiss Co., Ltd.) were used for observation.
Electron microscopy
Samples negatively stained with 2% uranyl acetate were observed with an electron microscope (JEM-1200EXα; JEOL Ltd., Tokyo, Japan).
